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This report presents the most recent spherical harmonic topogra-
phy model of Venus clevclopcd at Jet Propulsion I.aboratory.  It was
produced by a spherical harmonic analysis of the most complete set
of Magcllan altimetry data, augmented by Pioneer VcnLIs and
Vcrwra  data. The harmonic coefficients of the topography were
computed to degree and order 360. Compared to previous topogra-
phy models, this one has the highest correlation with the gravity
field of Venus.

‘l’his rcpc)rt
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1. 1 N“lRO1)UC1’l[)N

provicics  the scientific community with the
latest  spherical hamcrnic topographic model of Venus
ptduccd  al lhc .ict l’r’opulsion  1.aboratory (J 1’1 .). ‘1’hc
data set tha( was usd is dcscribcd  in Section 11. Section
11 I prwscnts the harmonic analysis of Venus’ topography.
Section IV presents scientific implications. Section V con-
tains a summary.

11. l)AI’A

‘1’hc. starting  point for building the set of data that were
analyzed was the G’1’1)1{ files, which contain maps of
Magc!lan  altimetry data, produced  by the Massachusc[ts
lns[itutc  of ‘1’cchnology for the Magcllan  Project (lord
and l]cl[cngill  ] 992). ‘1’hcsc datn cover the phrnct by means
of three maps: a Mercator projcctim  mp and two polar
mpsi ‘J’hcsc maps provide the most intcmd!y  consistent
version of the Magcllan  .aItimctry data set (l’. l~ord, pcl-
sonal c(~]l~ll~lll~icatioll).  ‘1’hc maps were projcctcd  and av-
eraged into a cylindrical grici of0.25°  x 0,25°. ‘l’he original
data have a pixel size of =-5 km. ]Icncc, the rcpmjcction
prwccss rcduccs tile rcsdution  of the ciata set, cspccialiy
al low iatitu(ics.  Overail,  every smplc of our topography
nmicl is basc(i on a nurnbcr’ of Magclian  altimetry ciata
points.

W c  foliow Bilis  and Kobrick (1985) an[i Konopliv et
a/. (i993)  and usc a rectangular gri(i. ‘l’his is intuilivc]y

jastillc(i  from tbc behavior of the harmonic functions:
cacb harmonic function has the same number of ~.crocs
on each para]lcl. l;urthcrnmre,  bccmsc  of the methcxi
(hat wc usc 10 mnputc ti]c harmonic cocftlcicnts,  each
data point is cffcctivc]y  wcighlc(i  by lhc area of the ccrrlc-
sponciing  ccii.

‘1’hc prc-Magcilan  topography mdcl (~ ’OPODR.4.O;
Ycwcii 1993), wi]ich  consistcci  of ciata from Pioneer VcnLIs

Orbiter (IWO) altimetry nmgc(i with \~cncra  15/16 altinw-
tly, was Llscci to fill gaps.

At this poini, three gaps rcmainc(i  in the data. ‘J’hc two
main gaps arc locatcci  near the south pole, an(i a smalicr
gap is present near the north pole, ‘1’hcsc gaps have two
separate origins: orbits (iuring superior colljunction  and
ori>its  affected by the thermal hi(ic stralcgy, in which the
I ligil  Gain Antenna was used to sha(imv  the spacecraft,
prcclu(iing  altimetry observations.

out first  topography model of Venus used a less conl-
plctc  set of Magcllan  anti 1’VO aitimctry  data and a Icast

sqawcs  mcthmi  to compute the harmonic coefficients of
lhc lopograpby  to order and dcgrcc 21 (McNanlcc C( al.
1993). ‘J’hc  lc:ist  squares mctho(i  cii(i not require that the
gai)s  bc fiilcd.  Our sccon[i  topography nmcici used a more
compictc  set of (itita  anti a computation by quadrature to
obtain the ccrcfficicnts  to dcgrcc and cmicr i 20 (Konopliv
(’t al, 1993). ‘i’his ncw mctimi rcquircci  that no gai> bc
JN’CSCllt  in Iilc  (izita, ‘1’i]crcforc, wc fillcci tile gaps by osing
topograpilicai  heights cmnputcd  from the 2i x 21 nmicl.
‘1’hc same qua(iraturc  mcthmi is uscci  in this paper. The
gaps were filicd by using tbc 120 x 120 model. ~~inally,
w c  obfainc(i  a complctc  set of (iata rcfcrcnccci to the
Venus buiy-fixcci  rcfcrcncc frame, as defined by l)avics
cl (//. (1992).

111. llARMONi(:  ANA1.YSIS  01 I}Ili  l’OPOGRAPIIY

‘1’i]c planetary raciias at latitude v anti longitmlc  A with
respect to tbc bcrciy-fixc(i  rcfcrcncc frame defined by the
Vcnlls  rotation axis anti i>rimc mcri(iian  is written as
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((f,,,  cm WA + St,,, sin nzA),

, is the equatorial radius, the ~;~,), and S~,), are the
‘ml harmonic cocfticicnts  of the topography and
arc the normalized 1.cgcndre functions.

(’(hod

arc Iwo methods of computing the harmonic cocf-
of the topography. The first  rncthod  consists of
cast squares tit of l;q. (1) to the data. In practice,
t squares method requires too much computing
~n the desired dcgrcc is high, A much less compu-
y cxpcnsivc  method consists of computing the
c coefficients indcpcnckntly,  as intcgmls. ‘1’hc
c cocfficicnls  arc given by
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(- 1.0579 ! 0.02) x IO-6
(- 1.94395 0.001) x 10-?
(- 2.5917 i 0.002) X 10-5

(1 .4489 f 0.002) x 10”5
(- 2.1616 f 0.002) X 10’5

(3,0047 ? 0.002) x 10”5
(4.7410 ? 0.002) x lo”~
(4.4193 f 0.03) x 10-6

(- 9.1018  f 0.02) x 1 0 - ’
(2.6756 ! 0.0006) X 10’5
(6.8970 ~ 0.03) X 10’6
(1.5841 i 0.002) x lo-f

(- 4.71425 0.02) X 10”b
(8.4789 5 0.03) x 10-6

(- 8.7303< 0.02) X 10-6
(2.0695 < 0.002) X 10-5

(4.0665 5 0.02) X 10-6
(7,6344 i 0.03) X 10-6
(8,6339 5 0.02) X 10”  C
(1,0987 f 0.0008) X 10-s

S[,,,

(1 .7864 f 0.003) x 10-5

(- 8.S4S6 ? 0.03) X 10-6
(- 3.3037 t 0.01) x 10-6

(- 7.9826  tO.02) X 10-6 ‘
(2.3180 i 0.004) x 10-5

(- 8.0818 ? 0.02) x 10-6

(1.4741 ? 0.006) x 10-5
(8.3783 5 0.03) X 10-6

(- 3,7S23 f 0.01) X 10 -5

(3,0146 f 0.003) x 10-~

(2.3163 f 0.001) X 10-5

(- 1.3484  t 0.003) x 10-5
(1.88s0 ~ 0.001) x 10-5
(6,4104 f 0.2) X 1 0-7

(-7,8237 f 0.01) X 10-6

dA(R(p, A) – R()) }’t,,, (sin q) sin mA,

~ is an a priori rcfcrcncc  radius. ‘1’hcsc cocftlcicnts
ive to l{(). ‘1’hcy arc resealed by introducing a new
e radius R, such that coo = 1.
cticc,  the integral over the unit sphere must bc
by a sum of terms. Each term corresponds to

:1—defined  by pi - &p/2 s p s (pi + &p12,  Aj -
s Aj + 8A/2 with 8P = 8A L 0.25°. l~urthermorc,

lust  bc modified to take into account the fi~ct that
c of the planetary radius in each pixel is a mean
cr that pixel. Wc used the proccdurc devised by
(1993) to compute the integrals.

‘.71!11  s

irmonic coefficients of the topography were com-
individua]  integrals 10 dcgrcc and order 360. The

dius of Venus is found to bc R, = 6051,848 km.
j determinations led to R, = 6051.448 km (Bills
)rick 1985), R, = 6051,839 km (McNamcc  et al,
]d R, = 6051.839 km (Konopliv Cl al. 1993), ‘J’hc
:C between Bills and Kobrick determination and
ruminations by McNamcc et al, and Konopliv ct
> to the fact that Bills and Kobrick used prclimi-
0 data that were not completely reduced (lJord
he difference between the two latter dctcrminti-
:1 ours is duc to the fact that the altimetry data

(2)

that  wc used in this paper were substantially improved
with respect to the data used in the two previous papers.
‘J’his improvement is a consequence of a reduction in the
o] bital errors.

The harmonic coefficients up to dcgrcc 2 arc given in
Table 1, In order to obtain an order of magnitude of the
u]lcerlaintics  in the cocfficicnts,  wc performed three addi-
tional calculations in which the data where modified by
adding 480 m lo each data point, where the sign was
chosen randomly for each point. The uncertainties listed
in Tab]c 1 correspond to the maximum difference between
the nominal case and the three cases where the data qual-
ity had been artificially degraded. ‘1’hesc uncertainties are
pcssimis(ic,  first bccausc the error of t 80 m is itself pessi-
mistic, and then because they cumulate the errors made
in the three cases where the data were degraded, On
the other hand, the method that wc used to evaluate the
u[lcer(ainties  in the individual coefficients assumes that

1

the errors in the topographic heights are uncorrelated  and
dots not take into account the over-sampling near the
pole, and in that sense it may be optimistic.

l;igure 1 shows topography contours obtained with our
topography model. Figure 2, which shows the topography
along the equator, both as given by the data (continuous
litlc) and as computed from the model (black triangles),
indicates that there is a good agrccmcnt  between the
model and the data. ]Jigurc 3 contains a plot of the differ-
ence between the topography along the equator computed
from the model and the observed topogmphy. This plot
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‘1’opogtxphy map pmiucul by using this paper’s 360 x
~()()  l~pography  mcxlcl.  ‘1 he Ycl”c)  level C<ll’lC\PLJII~l

1{) VCIIUi’ man raclills

FIG. 1.

1.!, T (,of I ,848  kill. ‘1’hc t o p o g r a p h y  COII(O1l IS :11’C  SCpW’~tCCl  by  I kill.

SIIOWS that the crrcsr in the model  is dLIC to the higll-
flxqllcncy  tcrnls.

oar topography model  can bc obtained by writing to
the :iathors  of the p:ipcr  and it will bc archived in Ihc

l’lanetaiy  lhita Systcm  (icosciences  Node al Washington
University (Stiint  l.oais,  h~()).

]\/. ]hqlq,l(;A’]’]()~s

‘J’his  scctimi  is devoted to scientific results obtained
from oili’  lnOdCl.

1~].] , {;~,~],j[<,[)i[[ll ]))lp/ic(/tioll.V

Since the tl:ittcning  of Venus is VCI y small, its topogra-
phy ctin  bc :il>l~](~xillliitc~l by ii Spl Icl’c ofl-set from t hc

origin of the coordinate system, wliich is Venus” ccntct’

of mass. Accord iil.g 10 this dcfinitic)n  of tllc offset bctwccn
the ccntcr of in:tss  and the ccntcr of fig,iirc, the location

of the ccntcr of figure is given by

x,’ 1<,(’1! ‘ ll~n~,

)’, ‘ f/,L$l}  ‘ 108 n]! (3)

z, ‘ R,(’!()  ‘ () f~~.

,1,1  “’” II,’

(! ,
!,

) ‘,,

II ‘1’hc above definition is ilscd  by scientists who aic intcr-

11(;.  2. ‘1’OPW  :iphy along the cquntoI  from the datti (cm~titluolls
cstcd in aildci’stancling  the internal stmclarc  of Vcnlis.

Iinc) and as compnicd  from our model (hl[ick i! ianglcs), with rcspccl  10
on the other hand, there exist other areas of pl~inctaty

IIIC rcfcrcnce  radins. The vcriiml sc[tlc  is in kilometers.
scicnccs where scientists ilsc :t[lI>](~xil]latic)lls  of planetary



30 RAPPA}’OR’1’  AN I) PI >ALJ’1’

t
.,
,,1! ,1,1,  1,,11 ,.  ),, ,,11 ,1

l~lG. 3. l)ifferellce  bctw,ccl~the  topography along thceq~latorcor]l-
p~lledfrorl]  then]  odeland  theobserved  topcJglaphy.7  'hever[ical  scale
is in kilometers.

body’s shapes as ellipsoids offset  from the center  of mass
(I)avics  C[ al. 1992). An example of a situation in which
the ellipsoid model is useful is that of occultation cxpcri-
mcnts.

To first order with respect to the harmonic coefficients,
the location of [he center  of figure of the ellipsoid is given
by IIq. (3). A more accurate method consists of fitting an
offset ellipsoid by least squares to the topography. ‘l’his
calculation yields

Xf= - 205m,

Zf= 71 m,

which corresponds to the latitudinal coordinates

rf = 282 m,

A( = 139°

and indicates that the ccntcr of figure  lies under the north-
east part of ‘1’hetis Re.gks.

‘1’hc  least square tit also gives the orientation and the
length of the principal axes of figures. These are given in
‘l’able 11, together with the oricrrtation  of the principal
axes of inertia. The axes of figures and the axes of inertia
do not coincide. The orientation of the axes of figures is
governed by the equatorial and mid-latitude highlands.
‘l’he longest axis of figure passes through Phoebe Regio

and Niobe P]anitia, North of Ovda in Western Aphrodite.
I’hc second axis of figure passes through Ilistlia  Regio
and South of Atla in l~astcrn  Aphrodite.

1 V.2. Stolisticai lmplic[itiotl,v

l’hc rms magnitude
fined by

rms(t) =

of the normalized cocfficicnt,  de-

{ ‘- - - -” ”  - - - - -

~ (U,l)’ +(yj,,~ ,
2/+1

(4)

where the sum goes from m = O to n? = t is shown on
Fig. 4, in logarithmic scale. As in Section 111.2, wc de-
graded the topography data by adding randomly :f 80 m
to each data point  in order to estimate uncer[aintics in the
spectrum, liven though the individual coefficients change,
the spectrum remains very stable and the curve corre-
sponding to the degraded topography data practically co-
incide  with the nominal curve.

I/or t > =-100, the slope of the spcct rum changes and
the spectrum becomes flatter. ‘l’his may not bc a real
propcrt y of the spectrum but rather an arlifact  associated
with our method. As mentioned in Section 111.2, the errors
in the topography model arc essentially in the high-fre-
quency terms. Onc possibility is that the ovcrsampling  at
high latitude had the cffcc[ of producing too much power
in the high-degree harmonic coefficients.

We compared the variance of the observe(i  topography
with the variance of the topography computed from our
model. IXmoting by .f the topography, the variance was
computed using  the equation

whctw  dS represents an clement of surface and

TABLE; 1 I
Orientation of the Principal Axes of

Figures and of the Principal Axes of Inertia
of’ Venus

latitude
1.cmgitude
1.eng[h
1 atitucle
lxmgitude
I.cngth
latitude
l.ongit  ude
1.englh

Axes of figure Axes of inertia

13.8° 0.2°
98.2° - 2.Y

60S2,3  km
23.3° 0.4”
11.2° 87.1°

6051.8  km
64.9 89.5°

168.4° 1 1 7 . 3 °
6051.4 km
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FICi. 4. MIS magrri[udc  of  the normalized coefficient of the topography on a logarithmic scale.

(6)

W;lh the observccl  t o p o g r a p h y ,  w c  ohtainccl Vuf =

0,943 while our model  gives an almost equal value of
\fu, = 0,941. ‘Jhc agreement bctwccn  these two values
is ciuc 10 the fact that the variance is essentially duc to
the low-degree terms and does not allow one to rule out
that the model overestimates the power of the high-dcgrcc
harmonic coefficients.

‘1’hc correlation between Venus’ topography and grav-
ity was also investigated. The gravity field at a point }’
outside the planet is

‘:M $’10 (+}[l(r’, y, A) ‘ -
(7)

I’[,,,(sin p)(L’~,,,  cos mA -t Sf,,, sin mA),

where G is the gravitational constant, M is the mass of
the planet, f<~ is a rcfcrcnce radius, and the ~f,,l, S~,,, arc
the harmonic coefficients of the gravity field.

‘1’hc correlation per degree was computed as

x C’:,,,q,,,  + :L&l-.. :-..,  (8)

7([) ‘ -W((jj’  i (s!,,,)’ V’2 (q’,,)’+ “(L%,)*
where the sums go from m = O to m = ~. It is shown in
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IJig. 5 for three topography models, the one by Konopliv

C( al. (1993), the one by Balrnino  (1993), and the model
presented in this paper. All calculations used the most
recent gravity field  model of Konopliv and Sjogrcn  (1994).
‘l’he uncertainty in the correlation due to the errors in the
harmonic coefficients of the topography was computed

.,, ,,, ,, ,,, ,,, ,,, ,, 1,,,,,,,,,,, ,,, ,,, ,,, ,,’ ‘, ,’,,,,,,’,, ,,

I I

“)

,) I

. 11!s pop,.r
\

* E{olr,,,,, c (1,)9:$)

,, Kc, r,o Pi,.  et ,,1 (1993)

,11,  ,,,  ,,, ,,,  ,,,  ,,,  ,,,  ,,,  ,,,  ,,,  ,,,  , ,,,  , ,1,,,,,4!  ,, I
I (1 70 3[) 4 C :)0 60

rkqrec

FIG,  5. Con  elation per de~ree between Venus’ topography and its
gravity field, comparing the topography model of Konopliv  ef al. (1993),
the model of Balmino  (1993), and this paper’s topography model; all
calculations use the mosl recent gravity field model of Konopliv  and
Sjogren  (1994).



32 RAPI’AI’OR’1”  ANI) PI, A(J’I

TA}H X 11 I
Correlations between Vcnos’ ‘1’opography  and lts Gravity l~iclcl

over Seven Regions and over the Iintirc Planet

Rcgio P,,,,,, A AVrl,,,\ ,,,,,, ,,,,, YI Y? Y?

Bcld 1 on 4(P 105° 5.5” 0 . 8 7 7  0,819 0.934
[’hochc 25” I (Y -90” 50” ().765 0,821 0.84.5
M:txwcll 45” W 6 0 ’ 3(P ( ) . 8 4 2  0.857 ( ) , X 6 4
(;al;l on 30” Is” 30” ().890 0,?,97 ogl~

Bell w 40” 30’ 60° 0 .77 .$  (),799 0.812
OV(I:I 1.5” 1 0“ 75” 110” ().790 0.794 0.805
A(li\ I (r 30” 1 tiw 210° 0.949 0,964 0.96N
I’l:lnc[ 90” 90 12(Y 240” ().753 ().745 0.772

N~)Ic, y, i~ based on the topography nmdcl  of Konopliv  C( (//. (1993);

Y~ LIWS (IIC lop[)gl~tphy  III(MICI  of Balmino  (]993);  yl is h:iscd  o n  this
p;Ipc I’s 10 I)ogIi Iphy  n]octcl;  all calcul:tlions Ilsc (he most rccenl .gvtivi(y
ficlcIIIIOClcl(  ~fK(,I~(>]>li\:I  II(l Sj(,RIcn(  1994).

as above. by comparing the nominal corrc]ation  with the
cc>rrcl:itic)n  obtained by degrading the topography data.
Wc found thH( it was negligible. ‘1’hc error bars duc to the
errors in the gravity fic.id  cocfficicnl  arc shown in l~ig.  10
of Konopliv and Sjogrcn  (1994).

l{almino’s  model was obtained from a least  squares
proccdllrc.  IIalmino  ( 1993)  checked th:it  the 1 w() mcthmls

give (hc same results if the same data sets arc used.
our model  hfis the highest correlation with the gravily

field. Since it is very unlikely that  this hi.ghcs[  correlation
is duc to chance, WC. infer that the highest correlation
indicates inlprOvcnlcnt  Over previous mdcls,

‘l’hc ~Clllcl:{tiOIl  R( dCgICe  2 is much less than for t})c
other Iow-dcgrcc harmonic coefficients. ‘l’his is probably

tc]:itcd to (I1c  fi~ct  Ibtit Venus’ rotation  has been ti(ltil]y

s](}wcd  down  OVCI  t h e .  2t~C  of thC  Solar system ~lld t h e
h:irmonic  coefficients of dcgrcc 2 have nothing to do with
a(ljustmcnt to hydrostatic equilibrium.

WC also con]putc.cl  regional cmrclatims in the following
way. l)cnoting  by R the gravity at the surffice and using
l;qs. (6) and (5) to compute ~ and ox, the regional COIICI~-

tion is given by

Rcgiona] correlations over seven regions of VCnus tire
Iistcd in ‘1’ab]c 111 f(>r t hc  t hrcc ab[)vc-lllcl](io]]cd tOp(>gra-

phy m(dcls.  Again,  our model gives the highest correla-
tions. Among the seven regions that we siu(iicd,  the high-
est correlations arc ob[aincct  in IIcla  Rcgio  and  A[la  Rcgio.
‘1’hcsc high] an(ls tire also  characterized by In(dcratc]y

negative ll(~ugucr  anmnalics  and abundant volcanism
which  sug.gcst  dynamic support of the topography. ‘l’he

lowest correlations were obtained in ovcia Rcgio.  Ovcia
is charac[cri~cd  by very large negative l]ouguer  anomalies
and complex ridged terrains or tcsscrac,  which suggest
essentially p:issivc isostasy associated with crustal thick-

ening.

V. SUMMARY

‘J’hc first putposc of this ptipcr is to make avail~blc  to
the scientific community the best model dcvclopcd  ai the
,11}1,.  h40dcls  of VCn Us Iopogtap]]y  in spherical harlnonics
tire useful for st[]dying the geophysics of this planet. ltx-
amplcs of tcccnt work using such models arc found in
IIancrdt  cl (II. (1994), Kucinskas  and ‘J’urcottc  (1994), and
Simmons c1 (Il. (1994).

‘]hc SCCOIIC1 pUIpOSC  of this paper is to present some

:comctrical  and statistical implications ofthis  model. ‘f’hc

scientific conclusions arc:
(a) ‘1’hc offset bctwccn the ccntcrof lnass and  Ihc GCntCl

of tlgurc  is about  1() times smaller than the offset in }kr[h,

the. Mow, and Mars. ‘l’he center of figure of Venus lies
under Aphrwditc.

(b) ‘l’he orientation of the principal axes is dctcrmincd
by the cc]uatoria! and mid-latitude highlands.

(c) ‘1’hc topography and the gravity ficlcl of Venus arc
very strongly corrclatc(i.  Regiontil  corrclaf  ions arc }Iighcr
ill licta Rcgio  and Alla Rcgio, which arc thought to be
dynamically sll J>pOl”(CCi,  than in [)vcia ]{cgio, which is
tllougi]t  to bc c.sscntially  supportc~i by passive isostasy.

(ci) ‘1’hc rms spectrum of the topogwphy  follows a
p o w e r  law  up to (icgrcc  (’ -- ]00. ‘1’he flnttcning  of the rms
spectrum f’or { > 100” may not bc rcai.
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